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Orbit-Like Proton Radiation Sensitivity of CdTe
Detectors: Evaluation of Mobility-Lifetime
Products and Spectroscopic Properties

M. P. Pascoa, J. M. Maia™, N. Auricchio, R. M. Curado da Silva, P. Crespo™,
S. J. C. do Carmo, M. Moita, F. Alves, and E. Caroli

Abstract— This article reports the proton radiation sensitivity
of two 1.0-mm-thick EURORAD ohmic CdTe detectors, irradi-
ated with a low energy proton beam generated in a positron emis-
sion tomography (PET) cyclotron facility. The CdTe crystals were
exposed to a proton radiation field composed of energies of ~13.8,
9.7, ~5.7, and ~3.3 MeV, at an average flux of ~108 protons
em~2s~1, a total fluence from ~2.1 x 10 up to ~4.5 x 1010 pro-
tons cm~2, and an average dose from ~5.9 up to ~130 Gy, equiv-
alent to the proton fluence accumulated in ~1 up to ~20 years
in a low earth orbit (LEO). The impact of the proton radiation
field was analyzed through its charge transport properties—the
mobility-lifetime product for electrons, (y£7)e, and holes, (u7);,—
and spectroscopic properties—the energy resolution and the
peak-to-valley ratio, for y-ray lines within 60-662 keV. The tested

CdTe detectors, with (ut)e~5 x 104 em2v-1 and (nT)p~3x

10~5 cm? V‘l, showed good radiation hardness, with the
measured upper-limit of (17). and (u7); proton fluence (aver-

age dose) sensitivity of ~2 x 10-15 cmZV‘llprotons em—2
(~7x10~7 em? V‘lle) and ~3x10716 ¢m? V‘llprotons em—2
(~1x10~7 em? V'lle), respectively. Up to ~130 Gy, no signif-
icant degradation of the energy resolution and the peak-to-valley
ratio was observed.

Index Terms— CdTe detectors, gamma-ray detectors, mobility-
lifetime products, proton damage, radiation hardness, space
radiation.
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I. INTRODUCTION

NALYSIS of potential effects of the orbital radiation

environment on space instrumentation is essential to
project a high-energy astrophysics space mission [1]-[5].
Inline, it is crucial to study detector materials’ radiation
damage and its effects on their operational performances under
conditions that are as similar as possible to the ones existing in
the orbital radiation environment. In any orbit, to foresee the
operational performances and the expected lifetime of a detec-
tion device, it is critical to know the environment radiation type
and profile. Semiconductor detection planes, particularly CdTe
planes require further space equivalent radiation environment
tests in order to improve the new instrument concepts’ sensi-
tivity in orbits, such as 3-D CZT/CdTe detection planes [6], [7]
and Laue lens CZT/CdTe focal planes [8], [9] applied in y -ray
astrophysics.

Most of the scientific satellites in the hard X-ray and
y-ray domains are placed in low earth orbits (LEOs)
at flight altitudes within 500 and 600 km and inclina-
tions within 20° and 40°, e.g., satellites Fermi, SWIFT
and RHESSI [10]-[12]. An exception is the INTEGRAL
satellite that has a highly eccentric orbit [13]. Further-
more, nowadays popular low-cost space research solutions
such as CubeSat constellations [14] are generally conceived
for LEOs.

Nevertheless, most of the time, LEO satellites orbit below
the inner proton belt over 700-km altitude. When crossing
the South Atlantic Anomaly (SAA), they are exposed to
high proton fluxes [15], [16]. For instance, a high-energy
telescope on board of a satellite in a typical LEO, e.g.,
~550-km altitude and ~30° inclination, thus with ~96-min
period, similar to the recently lost ASTRO-H satellite [17],
is exposed to geo-magnetically trapped protons with energy
within 1 and 300 MeV and a differential average flux within
~2 and ~0.03 protons cm > s~! MeV~!, yielding an overall
integrated average flux of ~70 protons cm~2 s~!, when
estimated using OMERE software [18].

A space telescope in a typical LEO crosses the SAA with an
average frequency of ~8 times per day, spending ~20 min in
each passage with an overall integrated flux with a maximum
of 223 x 10° protons cm~2 s~!. The differential and integrated
average fluences for a 1-year mission are shown in Fig. 1 for an

overall integrated average fluence of 2.1 x 10° protons cm™2.
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Fig. 1.  Trapped proton integrated and differential average fluence for

a l-year mission in a LEO—~550-km altitude, ~30° inclination, and
~96-min period, up to 300 MeV, calculated using OMERE v4.2 software [18]
for the AP8-MIN model. The fluence is omnidirectional: 4z sr. The closed
symbols show the differential average fluence for energies tested in this article:
3.3, 5.7, 9.7, and 13.8 MeV, with the respective differential average fluence
ratio of 0.27:0.27:0.25:0.21. No shielding was considered. Left vertical scale:
integrated fluence. Right vertical scale: differential fluence.

Therefore, these protons can reach the semiconductor detec-
tors, through collimators, coded masks, and detector shielding,
and cause damage to detector crystals and severe degradation
of the y-ray detector’s performance during the mission life-
time, by deterioration of its charge transport properties [2].

We have been developing semiconductor-based y-ray
detection focal plane prototypes, namely CZT/CdTe detectors
[6]-[9], [19]-[21], in a framework of high-energy astrophysics
mission proposals, such as AMEGO [22]. In order to improve
future missions’ instrument inflight operational performances,
we have recently studied and analyzed the proton radiation
damage effects and the nuclear activation on a 2.0-mm-
thick ACRORAD ohmic CdTe detector [23], induced by
a single monochromatic proton beam with ~14 MeV. The
results showed a good CdTe detector radiation hardness for
equivalent orbital environment proton fluences in a LEO [18].

Several previous studies on proton-induced radiation dam-
age on CdTe detectors were carried out at several proton beam
energies, fluxes, and fluences [24]-[29].

Herein, we evaluated the proton radiation damage effects on
two 1.0-mm-thick EURORAD ohmic CdTe detectors, using a
low MeV range proton radiation field, ensuring the protons
are completely stopped along with the crystals’ depth. The
CdTe detectors were exposed to several irradiation sets with
four proton beam energies at the Coimbra University ICNAS
cyclotron: &13.8, 9.7, 5.7, and ~3.3 MeV, for cumulative
fluences from ~2 x 10 up to ~5 x 10'° protons cm~2.

With this proton irradiation sequence, we aimed to simulate
the typical LEO proton almost-flat energy spectrum profile
(Fig. 1) in the low-energy band, 3—14 MeV. The total fluence
was tuned to generate a total proton fluence equivalent to
~1, ~2, ~10, and ~20 years in a LEO. Moreover, the
proton beam irradiation sets with energies up to 14 MeV are
fairly representative of the overall proton space environment,

since the LEO trapped proton fluence is higher for the lower
energy part of the trapped proton spectrum (Fig. 1) and the
cumulative deleterious effects may be of much higher intensity,
since the dose deposited per fluence unit is much higher than
that deposited by protons with energy >16 MeV (average
range >1.0 mm).

The proton radiation hardness in CdTe was analyzed by
measuring the effects of the proton radiation field (3.3 up
to 13.8 MeV), as the dose was increased, on the charge
transport properties, namely the mobility-lifetime product for
electrons (7)., and holes (1 7);, on the energy resolution and
on the peak-to-valley ratio for up to 662 keV y -rays.

II. EXPERIMENTAL SETUP AND METHODOLOGY
A. Detectors and Methods

The studied prototypes were 1.0-mm-thick EURORAD
ohmic CdTe monolithic detectors with two different configura-
tions: 5.0x3.0x 1.0 mm? (detector C) and 5.0 x2.0 x 1.0 mm?
(detector H). The ohmic contacts were made of platinum
electrodes (Pt/CdTe/Pt) with ~80-nm thickness, without a
guard ring around the readout electrode.

The detectors’ output signals were processed by an elec-
tronic chain composed of a Canberra 2003BT charge pream-
plifier (sensitivity: 0.45 V/pC), a Tennelec TC243 amplifier
(from 1- to 12-us shaping time), and an ORTEC Maestro
multichannel analyzer (MCA). The detectors were biased
through the irradiated top electrode by a Canberra 3106D HV-
power supply and the readout electrode was grounded via the
preamplifier.

The two CdTe detectors were mounted on individual boards
inside aluminum shielded boxes with radiation windows
delimited by #2.0-mm Pb collimators with 3.0-mm thickness.

The CdTe detectors were irradiated and operated at room
temperature (~20 °C), matching the typical payload thermal
operation conditions in the space orbit of the CdTe/CdZnTe
detectors [30], [31]. Nevertheless, irradiation and operation
at low temperatures, e.g., —170 °C, would allow evaluating
with better sensitivity the effects of the variation in the defects
(traps) concentration induced by proton irradiation in the CdTe
crystal on mobility-lifetime products.

Scattering generated by defects dominates the mobility of
electrons at low temperatures (<—120 °C), in contrast to
the lattice scattering at room temperature. The overall hole
mobility, which lowers with temperature decrease (<—50 °C),
cannot be explained by the referred scattering mechanisms
(which also fails to explain the electron mobility for temper-
atures <—150 °C); however, trap-controlled mobility could
explain the observed behaviors [32]. Moreover, the carrier
lifetime decreases for lower temperatures, given the more
effective influence of traps (defects) on the carriers—the
lower thermal velocity of the carriers allows longer inter-
action times—resulting in the capture of carriers. Typically,
the mobility-lifetime products exhibit a reduction as the tem-
perature decreases.

The measurement of the CdTe mobility-lifetime product
for electrons (ut), and holes (ut); was carried out by the
alpha-particle technique [33]. The detectors were irradiated
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Fig. 2. (a) Energy loss per unit length of 4.4-MeV alpha particles within

9.0-mm air followed by an 80-nm Pt layer and 1.0-mm thick CdTe crystals,
computed with the SRIM/TRIM toolkit [34]. (b) Alpha-particle energy spec-
trum measured with the detector H, at a bias voltage Vyips = —140 V and
1-us shaping time.

by an 2*! Am alpha-particle beam shaped by a ¢#1.5-mm Cu
collimator with 0.6-mm thickness. The 5.5-MeV alpha-particle
source delivered ~4.4 MeV alphas at the output of the source
cover foil. Then, the alpha particle beam crossed ~9.0 mm of
air, until it strikes the CdTe 80-nm Pt electrode.

The energy deposited by the alpha-particles within the CdTe
crystals was estimated with the SRIM/TRIM toolkit [34],
being ~3.4 MeV for an average range ~11 um, ensuring
the formation of electron—hole pairs nearby the irradiated
electrode, as shown in Fig. 2(a). This value is confirmed
by the energy spectrum measured with the detector H,
[Fig. 2(b)], using the electron induced signals, yielding
~3.31 £ 0.05 MeV, considering the energy calibration error.

The (u7). and (u7);, products were obtained by recording
the alpha-particle pulse-height spectra at increasing bias volt-
age with opposite polarity among electrons and holes, where
in each case single polarity carriers contribute to the signal
development in the detector.

The spectroscopic properties of the CdTe detectors
were evaluated when irradiated by several radioactive
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Fig. 3. Total dose deposited within a 1.0-mm thick CdTe crystal, by equal flu-
ence proton beams of 3.3, 5.7, 9.7, and 13.8 MeV, versus depth. The dose was
calculated from the stopping power curves computed with the SRIM/TRIM
simulation toolkit [34]. The total fluence is 2.1 x 10° protons em~2, equivalent
to a one-year mission.

sources: 2*'Am (59.5 keV), '33Ba (81 keV and 356 keV),
22Na (511 keV), and 137¢g (662 keV). An energy calibration
protocol was implemented for both CdTe detector systems
before and after each proton irradiation set.

For the y-ray energy spectra, Gaussian fits were applied
to the photopeaks selected (59.5, 356, 511, and 662 keV)
allowing the measurement of the energy resolution [full-width
at half-maximum (FWHM)] and the peak-to-valley ratio. The
latter was obtained from the ratio of peak height to the average
height on the lower energy side at 30 from the peak centroid
[26], [35]. The average height was calculated with five energy
channels around the 30 value equivalent to ~8 keV energy
range.

The peak-to-valley ratio might be a good indicator to
quantify the peak’s tail structure (peak’s asymmetry) and the
contribution of the deficient charge collection efficiency (CCE)
for spectral degradation. It is valid when the FWHM (o) is
almost constant, and thus the relative position of the “valley”
until it begins a tangible variation of the FWHM values.
For other cases, the peak-to-valley ratio values could be
contradictory with what would be expected due to the CCE
behavior.

The time-frame of the irradiation experiment was ~18 h for
each CdTe detector, from irradiation set #1 (see Section II-B).
Each irradiation set lasted for ~30 min, then the detector was
removed from the cyclotron bunker and connected to the power
supply and the electronic readout chain. The detector was then
biased at a low bias voltage, and the alpha-particle measure-
ments started ~30 min after the end of the irradiation set and
lasted for ~1.5 h. Next, the y -ray spectral measurements were
performed for ~1.5 h.

Afterward, the detector was again setup in the cyclotron and
the irradiation set #2 started within ~30 min from the last
time point. The remaining steps were performed as described
above, until the end of irradiation set #4 and the respective
alpha-particle and y -ray spectral measurements.
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Fig. 4. Normalized alpha-particle peak centroid channel versus bias voltage measured for (a) and (c) electrons and (b) and (d) holes with increasing total
proton fluence in detectors C and H. Lines: the Hecht fits applied to the selected data.

Systematic measurements of the leakage currents, versus
the bias voltage, were performed in the two CdTe detectors
before irradiation and after the proton maximum dose applied.
A few additional values of leakage currents, in-between some
irradiation sets, were also measured at the bias voltage of
spectroscopic measurements, Vpizs = —140 V.

B. Proton Irradiation Setup and Dose Deposited in CdTe

The proton radiation hardness tests were performed by
exposing the CdTe detectors to four progressive irradiation
sets—each set with protons beams from =13.8 down to
~3.3 MeV—with cumulative fluences from ~2 x 10° up to
~5 x 10'0 protons cm~2. The current direct proton beam with
~13.8 MeV was degraded by the use of several thin degrader
foils interleaved between the computer-controlled shutter and
the CdTe detectors: 500-xm Al, 375-xm Nb, and 1000-xm Al,
for the output proton energy of ~9.7, 5.7, and ~3.3 MeV,
respectively. The energy of the proton beam after the degrader
foils was estimated using a SRIM/TRIM toolkit [34]. Details
of the ICNAS cyclotron proton irradiation setup can be found
in [23] and [36]. The proton beam was 2.0 mm collimated.

During each irradiation set, the CdTe crystal was irradi-
ated sequentially, with similar time lapses, at similar proton

fluxes (~108 protons cm~2s~!) by four proton beam energies:
~13.8, ~9.7, ~5.7, and ~3.3 MeV. The irradiation fluence
applied to detector C during irradiation sets #1, #2, #3, and #4
was ~0.23x 1010, 20.22 x 10'%, ~1.8 x 10'°, and ~2.2 x 10'°
protons cm ™2, respectively. The accumulated total fluence was
~0.23 x 1010, 20.45 x 101°, ~2.2 x 10!, and ~4.5 x 10'°
protons cm™ 2, respectively, equivalent to ~1.1, ~2.1, ~10.5,
and ~21.5 years in the LEO. The values applied to detector H
were similar.

A set of simulations was performed with the SRIM/TRIM
toolkit [34] to compute the stopping power curves for the
proton beams of 3.3, 5.7, 9.7, and 13.8 MeV along with the
CdTe crystals’ depth, obtaining the following average ranges
~0.07,~0.17, ~0.42, and ~0.75 mm, respectively. From these
data, we have calculated the total dose deposited along with the
crystals’ depth, considering equal fluence for the four proton
beams yielding a total fluence of 2.1 x 10° protons cm™2,
equivalent to a 1-year mission (Fig. 3).

As is expected, the total dose decreases with the depth,
in addition to the local Bragg peaks of each proton beam
energy. Furthermore, the local average and peaking doses
were: 13 and ~21 Gy; 9.3 and & 15 Gy; 6.0 and ~10 Gy;
~3.2 and ~6.9 Gy, while the average total dose was ~5.9 Gy
along 0.81-mm CdTe depth. Therefore, for higher energies,
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ing bias voltages. The electron-hole pairs are generated near
the irradiated CdTe crystal surface; therefore, one charge
carrier type is immediately collected by the irradiated elec-
trode, while the other charge carrier drifts toward the opposite
electrode, potentially crossing the entire crystal thickness until
it is collected. Thus, the charge signal induced on the readout
electrode is generated exclusively by the drift of the electrons
(or holes) [37], [38].

The alpha-particle pulse-height (centroid channel, Ch) for
a single charge carrier was measured versus the bias volt-
age, Vpias. The data were fit with a single charge carrier Hecht

equatiOIl 33 I:
B )
i Bias

with A = m(Noe(ut)epn/d?) and B = (d/(ut)..), where
Ny is the number of electron-hole pairs generated by the alpha-
particle, e is the electron charge, d the CdTe detector thickness,
(ut)e,, the mobility-lifetime product of electrons or holes, and
m the charge to MCA channel conversion factor. The (u7),
and (ut)p were then estimated from the B parameter of (1)
with d = 1.0 mm. In (1), Vpias should be read as the module
of the bias voltage.

The Hecht equation assumes a uniform charge collection at
a constant electric field in a parallel-plate detector. At a low
bias voltage, the uniformity of the electric field is poor [38],
thus the measurements should be taken at higher bias voltages
for the low (ut)., material, <1073 cm? V!, as in this
experiment. Additionally, at a low bias voltage, the pulse-
height is not proportional to the induced total charge on
the readout electrode at different bias voltages, due to the

Ch =A Vpias |:1 — exp (— (1)

Total fluence ( 10" protons cm'z)

Fig. 5. Estimated values for electron and hole mobility-lifetime products
versus the total proton fluence, in detectors (a) C and (b) H. The lines depicted
represent the linear fits applied to each data set. Detector C: slope (—0.055 +
0.116) x 10714 and (—0.0072 £ 0.0538) x 10~13 cm? V~!/protons cm~2,
respectively. Detector H: slope (0.02640.059) x 10714 and (—0.24+0.06) x

10715 cm? V*I/protons em~2, respectively.

excessive charge pulse rise-time compared with the amplifier
shaping-time, resulting in a variation of ballistic deficit due
to the variation in the pulse rise-time—the net result is the
underestimation of the (ut),,, magnitudes.

We evaluated the charge (electrons or holes) drift times,
in detector H, via the analysis of alpha-particle charge pulse
rise-time, for electrons or holes, at charge preamplifier output
with a digital oscilloscope. From these drift times, we esti-
mated the amplifier shaping-time values to use and to read
the “full” signal induced by electrons or holes. We could also
estimate the carrier mobilities, if a significant proportion of the
charge carriers, produced by the alpha-particle, drifts across
the entire thickness of the CdTe detector [39].

Electron pulse rise times of ~150 and ~80 ns were
measured at Vpias = —50 V and Wpips = —100 V, respectively,
while hole pulse rise times of ~1000 and ~400 ns were
measured at Vpjas = 100 V and Vpias = 200 V, respectively.
Therefore, at Vpips = 100 V, the rough estimation of the
electron mobility x, and the hole mobility u; was ~1.3 x
10> cm? V! s7!and ~1.0 x 10> cm? V~! 57!, respectively.
These figures are in accordance with those previously reported
for CdTe material [40]. Thus, the amplifier shaping-time
selected was 1 us for electrons and 12 us for holes.
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Fig. 6. y-ray energy spectra obtained at increasing total proton fluence with the CdTe detectors. Detector C: (a) 133Ba, exposure time—103, 5x 102, 6 x 102,
and 9 x 102 s, respectively; (b) 22Na, exposure time—103, 1.6 x 103, 1.9 x 103, and 1.4 x 103 s, respectively; and (c) 137Cs, exposure time—103, 5 x 102,
1.5 x 103, and 9 x 102 s, respectively. Detector H: (d) 241Am, exposure time—9 x 102, 2 x 102, 102, 102, and 2 x 102 s, respectively; (e) 133Ba, exposure
time—9 x 102, 6 x 102, 6 x 102, 4 x 102, and 103 s, respectively; and (f) 22Na, exposure time—9 x 102, 2.4 x 103, 2.4 x 103, 1.6 x 103, and 2 x 103 S,

respectively. Vpias = —140 V and 1-us shaping time.

The alpha-particle pulse-height versus the bias voltage,
Vbias, 18 depicted in Fig. 4. The Hecht fits applied to the data
series (With Vpias > 50 V and Viias > 200 V, for electrons and
holes, respectively, to minimize the ballistic deficit effects in
the (1), values) yielded minimum reduced y? [41] within
~0.4-2 range and ~0.7—4 range, respectively.

Fig. 5 represents (ut)., versus total proton fluence in
each detector. In detector C, the (u7), and (u7); lie between
3.8x107* and 5.0 x 10~* cm* V™!, and between 2.3 x 107>
and 2.8 x 107 cm? V!, respectively. Furthermore, the data
show a small decrease of the (u7), and (ut);, values, ~10%
and ~7%, respectively, for a total proton fluence of ~4.45 x
10'% protons cm~—2 compared with no proton irradiation.

Moreover, linear fits applied to the data demonstrated that
the variation in (u7), and (u7), was uncorrelated (R? =
0.078 and R> = 0.006, respectively) with the total proton
fluence. Nevertheless, from the returned slopes (which are
not significant at the 95% level [41]), we may extract the
upper-limit of (u7), and (u7), proton fluence sensitivities:
~2x 10715 em? V= !/protons cm =2 and ~6 x 10717 cm? V~1/
protons cm ™2, respectively.

In detector H, the (u7), and (u7)y lie between 5.0 x 10~*
and 5.7 x 107* ¢cm?> V! and between 1.8 x 107> and
3.1 x 107> cm? V™!, respectively. The data show an increase
of ~10% in (ut). and a decrease of ~40% in (ut); for a
total proton fluence of ~4.46 x 10'0 protons cm~2 compared



with no proton irradiation. Furthermore, a linear fitting to
the data demonstrated that the variation in (u7), and (u7)j
was, respectively, uncorrelated (R2 = 0.25) and correlated
(R? = 0.84), with the total proton fluence. Based on the
returned slope for electrons (which is not significant at the
95% level), the extracted upper-limit of (u7), proton fluence
sensitivity was ~9x 1071® cm? V~!/protons cm 2, while with
the returned slope for holes (which is significant at the 95%
level, t = —3.9, p = 0.03 [41]), the extracted upper-limit of
(ut);, proton fluence sensitivity was ~3 x 1071® cm? V=1/

protons cmfz.

B. Spectroscopic Properties

In order to analyze the effects of the proton radiation
field on spectroscopic properties of the CdTe detectors as the
total proton fluence increases, several spectra were collected,
before and after each irradiation set with different y-ray
sources for a bias voltage, Vpizs = —140 V and 1-us shaping
time. Between irradiation sets, the radioactive sources were
positioned and centered accurately above the detector radiation
window, ensuring constant distance and orientation during the
measurements.

The spectra obtained for each y-ray source for increasing
total fluence values, up to ~4.5 x 1010 protons cm™2, are
depicted in Fig. 6. All the y -ray spectra were scaled to the
exposure time and to the energy bin, resulting in an easy
inspection of the variations in-between the full-energy peaks
for the same y -ray line (detector C: 356, 511, and 662 keV;
detector H: 59.5, 356, and 511 keV). The spectra present two
relevant characteristics that differentiate the two detectors: the
higher noise at C and the appearance of the small escape peak
within 23-27 keV at the left of the main peaks at H.

The original pulse-height spectra (before applying the
energy calibration) do not show a measurable peak shift toward
lower energies, neither a progressive intensification of the
peak’s tail for increasing total proton fluence.

The energy resolution of several y-ray lines shown in
Fig. 6 versus the total proton fluence is depicted in Fig. 7.
In detector C [Fig. 7(a)], the energy resolution at 356,
511, and 662 keV lies between 4.5 and 7.1%, 3.6 and
4.7%, and 2.9 and 3.4%, respectively, for a total proton
fluence of up to ~4.5 x 10'° protons cm~2. The respective
peak-to-valley ratio is within 2.0 £ 0.2. For a total proton
fluence of ~4.5 x 10'° protons cm™2 compared with no
proton irradiation, the results show an overall improvement
in the energy resolution of ~35%, ~15%, and ~8%,
respectively. The overall improvement in the peak-to-valley
ratio was ~30% at 662 keV, while at 356 and 511 keV the
improvement/deterioration observed was <5%.

For a total proton fluence of up to ~4.5x 10'° protons cm~2,
the energy resolution of detector H [Fig. 7(b)] at 59.5, 356,
and 511 keV lies, respectively, between: 12.0% and 16.3%;
3.1 and 4.0%; and 2.5 and 3.2%. The measured peak-to-valley
ratio is within 6.5+ 1.5, 1.8 £0.2, and 1.6 0.1, respectively.
As for the total fluence of ~4.5 x 10'° protons cm™2 com-
pared with no proton irradiation, the results show an overall
improvement in the energy resolution of ~25% at 59.5 keV,
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Fig. 7. Energy resolution versus the total proton fluence for several y-ray
lines with the CdTe detectors. (a) Detector C. (b) Detector H. Lines: the
exponential decay fits applied to the data, just for guideline purposes. (c) Peak-
to-valley ratio for the 511-keV line versus the total proton fluence, with
detectors C and H. Lines: the linear fits applied to the data. Vs = —140 V
and 1-us shaping time.

while at 356 and 511 keV, the improvement/deterioration
observed was <5%. The overall improvement in the peak-to-
valley ratio was ~40% at 59.5 keV, while at 356 and 511 keV,
the improvement/deterioration observed was <5%.
Exponential decay fits were applied to the energy resolution
data, showing that the detectors’ energy resolution response
to the total proton fluence (or total dose) varies sharply
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initially (this effect is more visible at lower energy y -ray
lines), up to ~5 x 10° protons cm~2, almost saturating until
the maximum total proton fluence applied in the experiment,
~4.5 x 1010 protons cm™2, is achieved.

In Fig. 7(c) is depicted the peak-to-valley ratio for the
511 keV line versus the total proton fluence, with detectors C
and H, where we observed that its variation was uncorrelated
with the total proton fluence, obtaining R%? =0.24 and R? =
0.008, respectively. For the 662 and 59.5 keV y-ray lines,
we observed that the variation of the peak-to-valley ratio was
poorly correlated with the total proton fluence, R> = 0.61
and R? = 0.40, for detectors C and H, respectively. But, this
variation (increase) is due to the improvement of the electronic
noise and not of the CCE (see Section III-A).

IV. DISCUSSION AND CONCLUSION

In this article, we tested the proton radiation hardness of
two CdTe crystals with moderate quality charge transport
properties: mobility-lifetime products of ~5 x10~* ¢cm? V~!
and ~3 x 1072 cm? V!, for electrons and holes, respectively.

The two crystals exhibited low proton fluence (dose)
sensitivity—the upper-limit of (¢ 7). and (u 7)), sensitivity was
~2x 1071 ecm? V= !/protons cm™2 (~7 x 10~ cm® V~!/Gy)
and ~3 x 1071 cm?V~!/protons cm™2 (~1 x 1077 cm?
V~!/Gy), respectively.

The measured (u 7)., products exhibit values very close to
the initial ones, prior to proton irradiation, with small variation
(<10%) which was uncorrelated with the proton dose, except
for holes in detector H that exhibited a steady decrease of
the (u7); value showing a reduction of ~40% for a total
fluence of ~4.5 x 10'° protons cm~2 compared with no proton
irradiation.

This reduction may confirm changes in the crystal lattice,
possibly due to the increase of hole trap concentration, and/or
change in spatial charge leading to a decrease of holes’
lifetime, 7; by a factor of ~1.7. This assumption agrees with

the estimates of hole mobility performed prior to the proton
irradiation and after the final irradiation, in accordance with
the ones described previously [40].

The small overall changes in (u 7)., generate small changes
in the energy resolution and the peak-to-valley ratio, beyond
an initially sharp response up to ~5 x 10° protons cm~2. This
initial energy resolution improvement trend, also reported in
[23], [25], and [26], may be explained by a reduction of the
leakage current (as observed in Fig. 8 with the two detectors),
probably due to the production of additional charge carrier
traps in the forbidden energy gap leading to a reduction of
electronic noise in detectors. A similar effect was reported in
CdTe detectors [43]. Therefore, we can infer that the proton
dose applied was not enough to modify significantly the charge
transport properties and the spectroscopic properties of the
detectors, due to the low perturbation of the steady-state of
trap concentration [26], [27].

In conclusion, the findings in this article have their major
impact on the long-time LEO mission of ~20 years, and
may be of great interest to other missions—short or medium
lifetimes—crossing a more intense proton radiation field.

The low MeV range of proton radiation field (3.3—
13.8 MeV) used in this study is potentially more relevant in
the context of damage intensity than the medium and high
MeV range, due to the presence of Bragg peaks inside the
1.0-mm-thick crystal. Indeed, the low MeV range may be
more representative of the LEO proton radiation field to study
the proton damage effects on 1.0-mm-thick CdTe detectors.

In this experiment, a high dose is delivered at a high dose
rate, in very short time periods (few minutes at an interval
of several hours), while in a real mission, the same dose will
be delivered to the CdTe detectors during several years up
to 20 years. Furthermore, shielding of the detectors must be
considered, since it influences the proton spectrum profile—
shift to lower energy with the reduction of differential fluence
for low energies. Yet, the incident proton fluence on the
detectors depends on the scientific instrumentation payload,
on the use of shielding elements and their spatial arrangement,
and on the different proton orientation angles in orbit.

The present study is important in the framework of the
development of a CdTe instrument for a medium energy y -ray
observatory [9], [22], anticipating the possibility of its future
launch in a LEO.

Finally, the use of y-ray instrumentation based on CdTe
detectors may reduce the LEO mission’s cost-to-lifetime ratio
provided by its fine expected lifetime, due to its high proton
radiation hardness, and by its lower dependence of expensive
proton shielding systems.
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